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Abstract The topic of cardiorespi-
ratory interactions is of extreme
importance to the practicing intensi-
vist. It also has a reputation for being
intellectually challenging, due in part
to the enormous volume of relevant,
at times contradictory literature.
Another source of difficulty is the
need to simultaneously consider the
interrelated functioning of several
organ systems (not necessarily lim-
ited to the heart and lung), in other
words, to adopt a systemic (as
opposed to analytic) point of view.
We believe that the proper
understanding of a few simple phys-
iological concepts is of great help in
organizing knowledge in this field.
The first part of this review will be
devoted to demonstrating this point.
The second part, to be published in a
coming issue of Intensive Care Med-
icine, will apply these concepts to
clinical situations. We hope that this
text will be of some use, especially to
intensivists in training, to demystify a
field that many find intimidating.
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Historical note
The earliest description of cardiorespiratory interactions
may be traced back to the first invasive measurement of
arterial blood pressure, carried out by Stephen Hales. In
the early eighteenth century, this renowned English
physiologist inserted a glass tube into the carotid artery of
a mare and noted that the height of the column of blood
fluctuated with the animal’s respiratory efforts. Hales did
not stop at describing these fluctuations, but he also the-
orized on the possible effects of respiration on venous
return [1]. Many of the concepts which underly our cur-
rent understanding of cardiorespiratory interactions were
already in place at the start of the twentieth century. For
example, the idea that the fall in pleural pressure could
impede left ventricular ejection during inspiration was put
forward by Donders in 1853, and Riegel mentioned the
potential role of this mechanism in the pathogenesis of
pulsus paradoxus in 1903 [1].
However, the diffusion and extension of this new
knowledge had to await the need for practical applica-
tions. The first one arose during World War II, when the
US Air Force sought to enhance the ability of its pilots to
fly at very high altitude in airplanes with unpressurized
cockpits. In these conditions, hypoxia was the limiting
factor. It was calculated that every 5 cm H2O of pressure
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added selectively to the face mask supplying the pilot
with 100% oxygen would increase the maximal tolerable
altitude by 1,000 feet [1, 2]. To clarify the possible
adverse effects of such positive pressure breathing, the US
Air Force sponsored studies by several groups of promi-
nent physiologists, in particular Rahn and Fenn as well as
Carr and Essex. These studies clearly described the
effects of pressure breathing on intramural vascular
pressures and cardiac output [2–4]. In the late 1940s,
seminal work conducted by Cournand and colleagues at
Columbia University demonstrated the major role of a
reduction in right ventricular transmural filling pressure in
the depression of cardiac output caused by positive
pressure mechanical inflation (Fig. 1) [5]. In the follow-
ing years, Guyton provided a theoretical framework of
particular relevance to these observations [6]. This
framework remains important to our present understand-
ing of cardiorespiratory interactions. It will now be
shortly presented.
Guyton’s description of integrated cardiocirculatory
function
Venous return curve
The term capacitance vessels designates the highly dis-
tensible vessels of the circulatory system, in practice
largely the veins (Chap. 10 of [6]). The veins, and espe-
cially the small veins [7], contain the major fraction—
approximately 70%—of the total systemic blood volume.
They are not only highly distensible, but also contain sub-
stantial volume even when their transmural pressure is near
zero, that is, they have a large unstressed volume. Magder
[8, 9] has proposed a representation of venous capacitance
as a reservoir drained through an opening in the side rather
than the bottom (Fig. 2a). The liquid below the opening
represents the unstressed volume, which cannot escape
from the system. The amount of liquid above the opening is
the stressed volume, which alone generates a pressure
known as the mean systemic filling pressure (MSFP). The
blood flow from the reservoir to the heart, i.e., the flow of
venous return (QRV), is governed by the equation
QRV ¼ ðMSFP  RAPÞ=Rv ð1Þ
where MSFP and RAP (right atrial pressure) are measured
relative to atmosphere, and Rv is the resistance to venous
return. Thus, the numerator of Eq. 1 is the pressure gra-
dient which drives venous return. If MSFP and Rv remain
constant, it can be seen from Eq. 1, that QRV must increase
when RAP decreases. However, if RAP is lowered below a
critical pressure (Pcrit) normally close to atmospheric, the
transmural pressure of the great veins at the thoracic inlet
becomes negative, leading to their collapse which prevents
any further increase in QRV (flow-limitation). From this
overall state of affairs, it results that the relationship
between QRV and RAP at constant MSFP has the shape
depicted by curve 1 in Fig. 2b. Guyton has coined the term
venous return curve for this relationship. His classical
experiments in dogs where right ventricular bypass was
used to uncouple venous return from cardiac output have
provided a strong support for this model. In particular, the
linearity of the venous return curve for values of RAP
above Pcrit has been confirmed
1 [10]. The venous return
Fig. 1 Some of Cournand’s original data showing a direct
relationship between the effects of intermittent positive pressure
breathing (IPPB) on right ventricular filling pressure and on cardiac
output. A, B, and C designate three individual patients, with two
data points for each. The right ventricle was catheterized. IPPB was
administered via a face mask. Due to the presence of a therapeutic
pneumothorax, pleural pressure could be easily obtained. In stable
ventilatory conditions, right ventricular end-diastolic pressure and
pleural pressure (both measured relative to atmosphere) were
averaged over one full respiratory cycle, and the difference of these
two values indicated right ventricular net filling (i.e., transmural)
pressure. Cardiac output was measured with the direct Fick method.
The abscissa indicates the change in cardiac output observed when
switching from spontaneous breathing (SB, i.e., ambient pressure in
face mask) to IPPB, expressed in % of the baseline value in SB.
The ordinate shows the concomitant change in right ventricular
end-diastolic transmural pressure (in mm Hg). Note the inverted
scale of both axes. The 3 points on the upper right part of the plot
(which indicate that a large decrease in transmural filling pressure
was associated with a marked depression of cardiac output) were
obtained when switching from SB to a pattern of IPPB with a high
I/E ratio ([1) and some positive end-expiratory pressure (3 cm
H2O), thus inducing a relatively large increase in mean airway
pressure (Paw). The group of 3 points on the lower left correspond
to a switch from SB to IPPB with an I/E ratio \1 and no positive
end-expiratory pressure, a pattern which raised mean Paw to a lesser
extent, and neither decreased transmural filling pressure nor
depressed cardiac output. Reproduced from [5], with permission
from the American Physiological Society
1A minor departure of experimental data from Eq. 1, the junction of
the horizontal and steep part of actual venous return curves is
smooth rather than angular, suggesting a distribution rather than a
unique value of Pcrit.
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curve intercepts the horizontal axis at a pressure value
equal to MSFP. This statement implies that RAP equals
MSFP in circulatory arrest, forming the basis for the
experimental measurement of MSFP. At constant Pcrit and
Rv, any increase in MSFP, whether due to an augmentation
of the total blood volume in the capacitance vessels or to a
transfer of blood from the unstressed to the stressed vol-
ume (the latter often resulting from venoconstriction due
to adrenergic stimulation), translates into an ‘‘rightward’’
shift2 of the venous return curve (Fig. 2b, curve 2).
Conversely, hypovolemia, whether absolute or relative
(i.e., reduced venous tone leading to increased venous
compliance and transfer of blood from the stressed to the
unstressed volume) would shift the venous return curve
‘‘leftwards’’ (not shown on Fig. 2b). Finally, let us note
that the slope of the linear part above Pcrit is inversely
related to Rv (Fig. 2b, curve 3)
3 .
Cardiac function curve
In Guyton’s representation, the cardiac function curve is a
plot of cardiac output against the intramural RAP
(Fig. 2c). As such, it is ‘‘a composite function curve for
the entire segment of the circulatory system between the
input of the heart and its output, including, of course, both
sides of the heart as well as the pulmonary circulatory
system’’ (Chap. 8 of [6]). The position of the cardiac
function curve depends on, and in fact integrates, all
aspects of cardiac pump performance, including the dia-
stolic function, contractility and afterload of both
ventricles, as well as heart rate.
Let us insist that, despite transmural pressure being a
better index of cardiac preload, the RAP depicted in
Fig. 2c is intramural pressure, i.e., measured relative to
atmosphere, as is the case for the venous return curve in
Fig. 2b. Why this is so will become clear in an instant.
Graphical analysis of cardiac output/venous return
Both the venous return and the cardiac function curves
express flow as a function of intramural RAP, and may
therefore be superimposed on the same plot (Fig. 2d).
Over any time frame longer than a few heartbeats, car-
diac output must equal venous return, i.e., the heart can
only pump what it receives from the periphery. Thus,
systemic blood flow is indicated by the intersection of the
cardiac output and venous return curves, which is desig-
nated as the operating point of the circulatory system for
specific states of vascular and cardiac function. In spite of
its simplicity, this representation has considerable heu-
ristic value for the integrated analysis of cardiovascular
events. For example, an instantaneous increase in cardiac
output cannot influence MSFP because of the large
compliance of capacitance vessels. Therefore, the only
way that an augmentation of ventricular performance may
cause a steady increase of venous return is by lowering
RAP (Fig. 2d, operating point displaced from a to b).
When RAP decreases below Pcrit, the operating point
becomes located on the horizontal part of the venous
return curve, so that circulatory flow becomes indepen-
dent of cardiac function (Fig. 2d, point c) although it may
Fig. 2 Interactions of venous return and cardiac function.
a Magder’s representation of the circulatory system. Modified
from [8], with permission. MSFP mean systemic filling pressure.
Detailed explanations in the text (beginning of Sect. ‘‘Venous
return curve’’). b Venous return curves (later part of Sect. ‘‘Venous
return curve’’). c cardiac function curves (Sect. ‘‘Cardiac function
curve’’). d Guyton’s graphical analysis of cardiac output regulation
(Sect. ‘‘Graphical analysis of cardiac output/venous return’’).
e Potential effects of generalized venoconstriction on cardiac
output (last paragraph of Sect. ‘‘Graphical analysis of cardiac
output/venous return’’). In panels b–e, RAP designates right atrial
pressure relative to atmosphere
2‘‘Rightward’’ is enclosed in quotes for the following reason: with a
true rightward shift of the venous return curve, i.e., a horizontal
translation in the narrow geometric sense, Pcrit would increase and
maximal venous return would not change. This would not be
consistent with the differences between curves 1 and 2 shown in
Fig. 2b.
3Rv is not a simple function of venous geometry and blood rheol-
ogy, but depends in addition, and nonintuitively, on the distribution
of blood flow between parallel vascular beds of different time
constants [11]. Hence, its designation as resistance to venous return
rather than venous resistance.
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increase if peripheral determinants of venous return
change in the appropriate direction (for example if MSFP
is augmented and the venous return curve is shifted
‘‘rightwards’’ following i.v. fluid administration, Fig. 2d,
point d).
We have so far ignored potential changes in the
resistance to venous return (Rv). For example, venocon-
striction induced by a sympatho-adrenergic discharge
may both reduce venous compliance (thus increasing
MSFP) and augment Rv (thus ‘‘flattening’’ the oblique
part of the venous return curve, see end of Sect. ‘‘Venous
return curve’’ and Fig. 2b). The net impact on the position
of the operating point, and thus on cardiac output, then
depends on the balance between these two conflicting
influences, as shown in Fig. 2e, where the plain curves
represent the baseline state (operating point a), and the
dashed curves, the effects of sympatho-adrenergic stim-
ulation, assuming either a small (point e) or large (f)
increase in Rv for the same change in MSFP.
Three caveats
The graphical analysis presented above is conceptually
quite useful, as we hope to demonstrate in subsequent
sections. However, it may be a source of confusion if
incompletely understood. The first confusion arises if it is
not clearly noted that the intramural RAP relative to
atmosphere is being used throughout. Thus, the Guytonian
cardiac function curve is shifted to the left or to the right
by a decrease or an increase in extramural (intrathoracic)
pressure (Sect. ‘‘Contact interactions of the heart and
lungs’’ in Part I and Sect. ‘‘Effects of PEEP on cardiac
output’’ in Part II). The second confusion relates to the
intellectual habit of considering a variable plotted in
abscissa as necessarily independent. For example, it is
commonly considered that i.v. fluid loading increases
cardiac filling pressures (thus RAP), hence cardiac pre-
load, hence cardiac output. Considering Fig. 2b which
predicts that venous return should decrease with a
increasing RAP, one might feel faced with a conundrum.
The solution is of course that vascular filling first increases
MSFP, which augments venous return, which increases
cardiac preload and filling pressures. In such conditions,
MSFP must always increase more than RAP does,4
otherwise venous return could not be augmented. In gen-
eral, RAP can only be independently controlled if the heart
is uncoupled from venous return by interposing an external
bypass circuit, as Guyton (Sect. ‘‘Venous return curve’’)
and others (Sect. ‘‘Contact interactions of the heart and
lungs’’, Figs. 3, 4) have done experimentally. In the intact
organism, by contrast, RAP is no more an independent
variable than are venous return or cardiac output. The third
confusion consists in a semantic ambiguity of the
expression ‘‘venous return’’, which designates either the
flow of venous return (in liters of blood per minute) or the
physiological function depicted by the venous return
curve. In the case of the heart, such ambiguity does not
exist (i.e., usual terminology always clearly distinguishes
heart function from cardiac output).
Fig. 3 Effects of PEEP on the venous return curve in closed-chest
canines. Dogs were anesthetized, intubated and ventilated. By ways
of cannulas placed in both venae cavae, venous return was drained
through Starling resistors (i.e., collapsible tubes enclosed in an
airtight chamber to allow control of their extramural pressure), and
pumped back into the right atrium (RA) with a roller pump (upper
part of the figure). The pump rotating speed was set so as to
maintain a negative intramural pressure within the collapsible
tubes. In such conditions, the pump forwarded into the heart and
circulation whatever amount of blood came through the Starling
resistors, independent of heart function (i.e., venous return would
be uncoupled from heart function). By adjusting the extramural
pressure around the collapsible tubes, outflow pressure for venous
return (the equivalent of right atrial pressure in the intact organism)
could be set at any desired value, and the resulting venous outflow
was then measured. In this way, the venous return curves shown in
the lower part of the figure were constructed at two different PEEP
levels, after surgical closure of the chest (from [25] with
permission). These data are discussed in detail in Sect. ‘‘Respira-
tion and venous return’’. Outflow pressure is measured relative to
atmosphere
4By considering Fig. 2d, the geometrically-minded reader might
note that intravascular volume expansion, translated into a ‘‘right-
ward’’ shift of the venous return curve, necessarily leads to a
smaller increase in RAP than in MSFP if the heart operates on the
ascending part of its function curve (i.e., if cardiac output is pre-
load-dependent).
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Cardiorespiratory interactions in transient versus
steady state
Whenever considering the interactions of respiration with
the function of other organs, it is important to bear in
mind the distinction between transient and steady state
effects [12]. Transient effects refer either to periodic
changes induced by the inspiratory/expiratory cycle
(phasic effects) or to unsustained effects of various
respiratory maneuvers. Due to the short duration, their
mechanisms are of a primarily mechanical nature. Steady
state effects indicate the impact of sustained alterations of
respiratory conditions, such as the institution of positive
end-expiratory pressure (PEEP) in a mechanically venti-
lated patient. Steady state effects depend both on
mechanical and on neurohumoral factors (for example the
neural regulation of venous compliance, resistance to
venous return and cardiac contractility, Fig. 2e).
A caveat is here in order. In the steady state, venous
return is methodologically very hard to dissociate from
cardiac function. Again, the construction of a complete
venous return curve is impossible without bypassing the
right ventricle with an external circuit, and a similar
remark applies to the cardiac function curve (Sects.
‘‘Venous return curve’’, ‘‘Cardiac function curve’’). For
these reasons, there is an understandable lack of human
data on steady state cardiorespiratory interactions. Fur-
thermore, most available experimental studies have been
carried out in animals with normal lungs, and have
focused on the effects of high PEEP levels (C15 cm H2O)
while ignoring those related to tidal inflation. Extrapola-
tion of such data to the clinical setting must therefore be
done with some caution.
Respiration and venous return
Transient effects of practical importance will be discussed
in later Sects. (6.1–6.4 in Part II). Here, we shall restrict
ourselves to the description of steady state effects. Most
of the available relevant studies have been focused on the
impact of a steady increase in intrathoracic pressure as
effected by positive end-expiratory airway pressure
(PEEP).
For decades, it has been conventional wisdom that an
essential mechanism whereby PEEP depresses cardiac
output consists in the transmission of the elevated mean
intrathoracic pressure into the right atrium, which raises
intramural RAP and so decreases the pressure gradient for
venous return [6, 13]. The assumption that other deter-
minants of venous return remain unaltered by PEEP was
implicit in this reasoning, but is now contradicted by
several lines of evidence.
Two independent groups have reported that PEEP
levels of up to 15 [14] or 20 cm H2O [15], while clearly
depressing cardiac output, caused identical increases in
RAP and MSFP, so that the pressure gradient for venous
return was invariant, a finding confirmed more recently in
humans [16]. The mechanisms involved a transfer of
capacitance blood from the unstressed to the stressed
volume [15], due to enhancement of venous tone
Fig. 4 Effects of PEEP on the cardiac function curve in closed-
chest canines. Dogs were anesthetized, intubated and ventilated.
Venous return was drained through caval cannulae into a large
volume reservoir (2 l), then forwarded to the right atrium (RA) by
means of a roller pump (upper part of the figure). Contrary to the
setup shown in Fig. 3, there were no Starling resistors in the circuit
(the compliant tube served only to reduce the pressure oscillations
generated by the pump). Here, the controlled variable was pump
output, which determined ventricular filling. Changing pump output
would induce concomitant changes in cardiac output and right atrial
pressure. Due to the buffering effect of the reservoir, these
modifications would not depend on the particular value of venous
return flow (i.e., cardiac function would be uncoupled from venous
return function). In this way, cardiac output curves were con-
structed at different PEEP levels, after surgical closure of the chest
(lower part of the figure). Surface pressure over the heart was
measured with specialized flat sensors, to allow the calculation of
right atrial transmural pressure. Left atrial pressure, also measured
in these experiments, is not shown for simplicity (from [28] with
permission). Right atrial pressure is measured relative to atmo-
sphere in the left-hand part, and relative to extramural pressure in
the right-hand part of the figure These data are discussed in detail
in Sect. ‘‘Contact interactions of the heart and lungs’’
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mediated in part by sympatho-adrenergic activation [14],
akin to changes noted earlier in hypotension produced by
hemorrhage [17] or local manipulation of the carotid sinus
[18, 19]. Furthermore, the depression of cardiac output by
PEEP was amplified by alpha adrenergic blockade [20].
These data indicate that the reflex matching of the
increased RAP by an equivalent increase in MSFP is an
important facet of cardiovascular adaptation to PEEP.
Part of the PEEP-induced augmentation of MSFP could
also be due to purely mechanical factors, such as the
translocation of blood from the pulmonary to the systemic
capacitance vessels [21–23] or the increase in abdominal
pressure (due to diaphragmatic descent) which com-
presses the splanchnic part of the venous reservoir [24].
Although the MSFP–RAP gradient remained constant,
cardiac output was clearly depressed in the aforemen-
tioned studies, implying that PEEP modified either the
resistance to venous return (Rv) or the critical pressure
(Pcrit). This issue was handled in further experiments by
Fessler and coworkers [25], who constructed true venous
return curves with and without 10 cm H2O PEEP in
closed-chest dogs equipped with a external circuit which
bypassed the right ventricle. The main results of this
unique study are shown in Fig. 3; PEEP somewhat flat-
tened the portion of the curve to the right of the critical
point indicating slightly augmented values of Rv, as also
found by Nanas et al. [15]. PEEP also increased Pcrit and
sharply depressed the plateau, indicating a decrease in the
maximal value of venous return. These effects might be
understood if expansion of the lung by PEEP distorted
venous geometry, for example, at the entrance of the
venae cavae into the thorax [26], or further upstream in
the portal circulation (i.e., compression of the liver by
diaphragmatic descent [27]).
In short, the available evidence indicates that PEEP
interferes with systemic venous return in a manner more
complicated than by just raising RAP. It is important to
note that all the aforementioned actions of PEEP must be
modulated by the volemic status, although detailed
experimental data are scant on this point. In particular,
hypovolemia is likely to blunt or even entirely prevent the
compensatory rise in MSFP. Conversely, repletion of
intravascular volume might make the systemic veins less
susceptible to compression, thus minimizing the effects of
PEEP on Rv and Pcrit, as shown in the case of the porcine
hepatic circulation [27].
Respiration and cardiac function
Contact interactions of the heart and lungs
Considering that RAP is measured relative to atmosphere
and assuming that respiration should not alter the rela-
tionship of transmural filling pressure to cardiac output,
Guyton predicted that changes in intrathoracic pressure
(ITP) would cause parallel shifts of the cardiac function
curve (i.e., cardiac output plotted against intramural
RAP) along the pressure axis (Chap. 24 of [6]). This
hypothesis was verified by Marini and coworkers [28]
(Fig. 4, lower left) in anesthetized, mechanically venti-
lated canines, using a bypass circuit from the great veins
to the right atrium in order to control the inflow of blood
into the heart (Fig. 4, upper part). To allow the most
accurate measurement of transmural filling pressures,
epicardial fluid-filled flat sensors were positioned over the
left and right ventricles. In these experiments, the plots of
cardiac output versus transmural RAP or left atrial pres-
sure (LAP) were not modified by PEEP levels of up to
15 cm H2O, indicating little modulation of ventricular
function per se by these ventilatory conditions, consistent
with results by other investigators [29] (Fig. 4, lower
right). In the former study, there was evidence that lung
inflation ‘‘compressed the heart’’, i.e., imposed a pro-
gressive external constraint mediated by local surface
pressure on the epicardium, which increased with
increasing heart volume. This constraint appeared local
and independent of global ITP, since it was not removed
by opening the chest and could be elicited by the selective
inflation of basal lung segments [30]. The concept of heart
compression by the inflated lung is consistent with the
small heart size typically observed on chest films in acute
asthma. Via dynamic hyperinflation, it could also explain
the increase in RAP and pulmonary artery occlusion
pressure (PAOP) observed on mild exercise as well as
voluntary hyperventilation in patients with obstructive
lung disease uncomplicated by pulmonary hypertension
or overt heart failure [31].
Ventricular interdependence and left ventricular
diastolic function
The right (RV) and left ventricle (LV) are mechanically
coupled, because they share a common septum and
circumferential fibers, and the expansion of both is con-
strained by a common pericardium. For these reasons, the
diastolic filling of one chamber has direct influence on the
geometry and stiffness of the other, a phenomenon known
as direct (or parallel) ventricular diastolic interdepen-
dence [32].
With phasic respiration, the end-diastolic volumes of
both ventricles tend to change in opposite directions [33].
Spontaneous inspiration augments venous return, thus
increasing RV filling, which in turn makes the LV stiffer,
thus impeding its filling [33, 34]. Lung inflation with
positive airway pressure tends to act in an inverse fashion
[35, 36]. These mechanisms imply phasic changes in the
diastolic properties of the ventricles. They underly in part
the respiratory fluctuations of arterial pressure to be
described below, although an equally important role is
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being played in that respect by series interdependence
(the propagation of changes in RV output to LV output,
due to the series arrangement of both ventricles) [37].5
Encroachment of a dilated RV on LV filling as a
steady, rather than transient effect may result from
extreme hyperinflation, such as associated with PEEP
levels in excess of 20 cm H2O [40], or when more
moderate increases of ITP and lung volume are super-
imposed on either an obstructed pulmonary circulation or
a failing RV [41]. In these cases, the primum movens is
the acute increase in RV afterload, with consequent RV
dilatation.
Ventricular afterload
Defined as the force opposing ejection,6 ventricular
afterload is represented by the level of transmural pres-
sure, in the course of systole, within either the aortic root
(LV afterload) or the pulmonary artery trunk (RV after-
load) The transmural rather than the intraluminal pressure
must be considered [44, 45], because these great vessels
as well as the ventricles are exposed to an extramural
pressure (i.e., ITP) which is usually non atmospheric. The
mechanisms whereby respiration interacts with LV and
RV afterload are different.
LV afterload
At the onset of spontaneous inspiration, the intraluminal
pressure in the aortic root decreases less than does ITP,
due to the connection of this vessel with extrathoracic
arteries. As a result, aortic transmural pressure increases.
With spontaneous breathing therefore, LV afterload is
greater in inspiration than in expiration [46–48]. A sym-
metrical chain of events leads to a reduced LV afterload
in the course of a transient increase in ITP, such as with
positive pressure inflation of the lungs. Steady increases
in ITP, as effected with PEEP, similarly unload the LV
with potentially beneficial consequences in presence of
left heart failure, as described in greater detail below
(Sect. ‘‘Effects of PEEP on cardiac output’’ in Part II).
Conversely, patients with obstructive sleep apnea have
bouts of greatly negative ITP which increase LV after-
load, thus contributing to LV hypertrophy [49].
RV afterload
A seminal paper by Permutt [50] shows that RV afterload
is highly dependent on and increases with the proportion
of lung tissue in West zone 1 or 2, as opposed to zone 3
conditions. Zones 1 or 2 exist whenever the extraluminal
pressure of alveolar capillaries (which is close to alveolar
pressure, PA) exceeds the intraluminal value, leading to
vessel compression. In zone 3 by contrast, intraluminal
capillary pressure exceeds PA. For hydrostatic reasons,
zones 1 and 2 are more likely to occur in nondependent
parts of the lung. Furthermore, respiratory changes in the
intraluminal pressure of alveolar capillaries tend to track
changes in ITP7 and thus to decrease more than does PA
during a spontaneous inspiration and to increase less than
does PA on inflation of the lung with positive pressure.
Thus, any increase in lung volume, whether in the context
of spontaneous [51] or mechanically assisted breathing
[45], has the potential to promote the formation of zones 1
and 2 at the expense of zone 3, and thus to increase
RV afterload. These considerations are of high clinical
relevance, notably concerning the possible induction or
aggravation of acute cor pulmonale by mechanical
ventilation, as described below (Sect. ‘‘Mechanical ven-
tilation and acute cor pulmonale’’ in Part II).
Myocardial contractility
Some studies have indicated that lung inflation by PEEP
could trigger the humoral release of one or several cardi-
odepressor agents [52, 53]. However, as we have already
seen, biventricular Starling curves were not depressed by
PEEP (Fig. 4, right). Furthermore, work in both animals
and humans, using various methodologies to measure the
size of cardiac chambers, consistently failed to indicate
any influence of PEEP on the relationship of ventricular
preload to stroke output, stroke work, or end-systolic
ventricular pressure [40, 41, 54, 55]. Finally, experimental
studies have shown that end-systolic elastance, a recog-
nized load-invariant index of contractility, remained
constant at levels of PEEP up to 15 cm H2O [55, 56], even
when possible adrenergic reflexes were suppressed with
beta-blockade [55]. In short, a steady state increase in ITP
5A further factor which modulates the impact of respiration on LV
filling is the influence of lung inflation on pulmonary blood volume
and pulmonary venous outflow. Experiments in isolated lungs [38,
39] have indicated that, whether actuated by positive airway or
negative pleural pressure, an increase in lung volume can
‘‘squeeze’’ blood out of the pulmonary vascular bed, provided that
intra-alveolar vessels are filled at end-expiration, which usually
requires a left atrial pressure [3–5 mmHg (more rigorously, West
zone 3 conditions, see Sect. ‘‘RV afterload’’ for definition of West
zones, and detailed discussion of this issue in [39].
6A useful simplification. More rigorously, ventricular afterload is
defined as the systolic wall stress (r), linked to transmural ejection
pressure (P), chamber radius (r), and wall thickness (h) by the
Laplace relationship r = P 9 r/h [42]. Ejection pressure is in turn
linked to arterial impedance, which measures the degree to which
the arterial system opposes pulsatile blood flow [43].
7This is because the alveolar capillaries are in continuity with the
pulmonary artery trunk, where intraluminal pressure decreases
when ITP decreases, and increases when ITP increases.
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and lung volume, as effected by PEEP, does not appear to
directly depress myocardial contractility.
Myocardial perfusion and ischemia
Whether in specific conditions PEEP could indirectly alter
myocardial contractility by inducing myocardial ischemia
remains largely unresolved [57, 58]. Many studies have
indicated that clinically relevant levels of PEEP can
decrease myocardial blood flow. In the LV, afterload and
preload are concomitantly reduced, leading to diminished
systolic wall stress and O2 demand, with an unpredictable
net effect on the adequacy of myocardial O2 supply [59,
60]. In a dog model of acute ischemic LV failure induced
by embolization of the left coronary artery with micro-
spheres, the institution of 15 cm H2O PEEP had no
impact on ischemic myocardial metabolism assessed by
lactate extraction [61]. In the RV by contrast, PEEP has a
greater potential to upset the balance between O2 supply
and demand, due to its ability to increase afterload.
Indeed, two canine studies have shown that the institution
of PEEP aggravates the RV dysfunction induced by
ligation of the right coronary artery [41, 62]. In one of
them, PEEP also caused an extension of myocardial
necrosis in the area at risk [62].
There is evidence that negative ITP can induce or
aggravate LV myocardial ischemia, likely by increasing
LV afterload in the presence of insufficient coronary
reserve. Scharf and colleagues [63] found that patients with
coronary artery disease developed LV dyskinesis during a
Mueller maneuver with an inspiratory effort of -20 to
-30 cm H2O. These changes were not seen in patients with
normal coronary arteries. Negative ITP of this magnitude
can occur during weaning from mechanical ventilation, at
times inducing LV dysfunction possibly due to LV ische-
mia and responsible for weaning failure (Part II,
Sect. ‘‘Weaning failure from cardiovascular origin’’).
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